The current state-of-the-art for achieving long-term glycemic control in type 1 diabetic patients is transplantation of cadaveric donor islets. Whereas frequent episodes of hyperglycemia and hypoglycemia occur with insulin therapy, islet transplantation can effectively eliminate these excursions and maintain glycemia within a target range of 3.3 to 7.8 mmol/L ([@B1]). Unfortunately, islet transplantation is not widely available because of limited donor islet supply. Most transplant recipients require islets from at least two cadaveric donors to achieve target glycemia ([@B1],[@B2]), and the decline of graft function within 5 years of transplantation necessitates that most patients resume insulin therapy ([@B2]). Thus, a strategy to reduce the number of islets needed to achieve insulin independence is essential for widespread application of islet transplantation from cadaveric donor islets.

The hormone leptin has a well-recognized role in glucose homeostasis ([@B3]). Recent studies have demonstrated that high-dose leptin administration reverses hyperglycemia and dyslipidemia in type 1 diabetic rodent models ([@B4]--[@B8]). However, leptin is unlikely to replace insulin as a therapy for type 1 diabetes because it offers little, if any, advantage over insulin injections with regard to metabolic control and quality of life. Alternatively, glycemic control and insulin requirements for type 1 diabetic patients may be improved by leptin and insulin cotherapy. In diabetic mice, leptin administration reduced the insulin dose needed to ameliorate hyperglycemia ([@B9]), and combined leptin and insulin administration achieved better glycemic control than insulin alone ([@B6]).

Because islet transplantation provides superior metabolic control over insulin injections, we investigated whether leptin as an adjunct to islet transplantation could provide tighter glycemic control with fewer transplanted islets. Such an effect could increase the availability and efficacy of islet transplantation as a treatment. To test this, we examined whether leptin administration could reduce the number of transplanted islets needed to reverse streptozotocin (STZ)-induced diabetes in mice (STZ-diabetic mice). Because high-dose leptin alone can restore normoglycemia in STZ-diabetic rodents ([@B4]--[@B8]), which thereby can enhance islet graft function ([@B10],[@B11]), we first performed a dose-response study in STZ-diabetic mice to identify a leptin dose that was insufficient to reverse hyperglycemia. Subsequently, we administered this dose of leptin to diabetic mice transplanted with 50 or 125 syngeneic islets (17 and 42% of an optimal dose of 300 islets, respectively) to determine whether leptin cotherapy could enhance the ability of these suboptimal islet doses to achieve metabolic control.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Animals. {#s2}
--------

C57Bl/6 male mice (Jackson Laboratories, Bar Harbor, ME) were housed with a 12-/12-h light/dark cycle with ad libitum access to chow diet (2918; Harlan Laboratories, Madison, WI) and water. All procedures with animals were approved by the University of British Columbia Animal Care Committee and performed in accordance with the Canadian Council on Animal Care guidelines.

STZ administration. {#s3}
-------------------

STZ (Sigma-Aldrich, St. Louis, MO) prepared in acetate buffer, pH 4.5, was administered to 10-week-old C57Bl/6 mice at 180 mg/kg via intraperitoneal injection 6 days prior to surgery. Nondiabetic control mice received an intraperitoneal injection of acetate buffer alone. Diabetes was defined as fasting blood glucose \>16 mmol/L on 2 consecutive days.

Leptin administration via mini-osmotic pump. {#s4}
--------------------------------------------

Recombinant murine leptin (PeproTech, Rocky Hill, NJ) was reconstituted in water according to the manufacturer's instructions and loaded in osmotic pumps (DURECT Corporation, Cupertino, CA) designed for either 4-week or 6-week infusion. Pumps were implanted subcutaneously on day 0. Diabetic vehicle-treated mice received osmotic pumps loaded with water only. Nondiabetic controls received sham surgery without pump implantation. For the leptin dosing study, the concentration of leptin loaded into the pumps was adjusted to deliver doses of 1, 3, 5, and 10 µg/day per mouse, whereas for the islet transplant study a single dose of 1 µg/day per mouse was used.

Islet isolation and transplantation. {#s5}
------------------------------------

Islets were isolated from 12-week-old male C57Bl/6 mice (Centre for Disease Modeling, Vancouver, Canada) as previously described ([@B12]) and cultured in Ham F-10 (Sigma-Aldrich) supplemented with 0.5% BSA, 100 units/mL penicillin, and 100 µg/mL streptomycin until transplantation. Immediately prior to transplantation, islets were hand-picked into aliquots of 50, 125, or 300 islets and transplanted under the left kidney capsule of recipient mice on day 0. Control mice received sham surgery.

Metabolic measurements. {#s6}
-----------------------

Body weight, blood glucose, plasma leptin, insulin, IGF binding protein 2 (IGFBP2), triglycerides, β-hydroxybutyrate, and free fatty acids (FFA) were measured after a 4-h fast from samples collected through saphenous vein as previously described ([@B8],[@B13]). Fasting plasma leptin and insulin levels in the islet transplant study were measured from samples collected via cardiac puncture 6 weeks after surgery. Plasma glucose was measured via the glucose-oxidase (Trinder) method (Genzyme Diagnostics). HbA~1c~ levels were measured with a Siemens DCA 200 Vantage Analyzer (Siemens Healthcare Diagnostics, Tarrytown, NY) from whole blood collected from the saphenous vein with EDTA as an anticoagulant.

Immunofluorescent image quantification. {#s7}
---------------------------------------

Pancreata were harvested from mice at 6 weeks after surgery, postfixed overnight in 4% paraformaldehyde at 4°C, rinsed in 70% ethanol, embedded in paraffin, and processed for sectioning by Wax-it Histology Services (Vancouver, Canada). Three sections separated by 200 µm per mouse were immunostained for insulin (guinea pig anti-insulin antibody, Cat\# I8510, 1:1,000; Sigma-Aldrich) and glucagon (mouse antiglucagon antibody, Cat\# G2654, 1:1,000; Sigma-Aldrich) overnight at 4°C. Slides were then incubated with AlexaFluor-conjugated secondary antibodies (Life Technologies, Burlington, Ontario, Canada) for 1 h at room temperature. Whole sections were scanned and quantified as previously described ([@B14]). Total insulin-positive area or glucagon-positive area was expressed relative to whole pancreas area and averaged across three pancreas sections per mouse.

Oral glucose tolerance test and glucose-stimulated insulin secretion test. {#s8}
--------------------------------------------------------------------------

Mice were fasted for 6 h and then administered an oral gavage of 30% glucose dissolved in water (2 g glucose/kg body weight). Blood glucose was monitored and blood was collected for plasma insulin measurement prior to gavage (time 0) and at the indicated times after gavage.

Statistical analysis. {#s9}
---------------------

Unless otherwise stated, statistical analyses were performed using a one-way ANOVA with Tukey post hoc test (GraphPad Prism; GraphPad Software, La Jolla, CA). Statistical significance was set at *P* \< 0.05.

RESULTS {#s10}
=======

Leptin administration dose-dependently reverses STZ-induced hyperglycemia. {#s11}
--------------------------------------------------------------------------

To examine whether leptin administration can enhance islet transplant efficacy, we first determined a dose of leptin that alone was insufficient to achieve normoglycemia. We performed a dose-response experiment in which mice were injected with STZ on day −6 to induce diabetes; subsequently, mice were implanted with osmotic pumps infusing 1, 3, 5, or 10 µg/day leptin continuously for 4 weeks. One group of diabetic mice received pump implants delivering vehicle only (STZ-vehicle), and mice that were not STZ-injected (nondiabetic) served as controls.

Blood glucose was measured for 4 weeks after surgery. As we previously reported ([@B8]), 10 µg/day leptin administration normalized blood glucose levels within 5 days ([Fig. 1*A*](#F1){ref-type="fig"}), as did 5 µg/day leptin. Treatment with 3 µg/day leptin decreased blood glucose moderately within this timeframe, eventually normalizing blood glucose levels by day 15. Mice receiving 1 µg/day leptin had a trend toward decreased blood glucose, but values never significantly decreased compared with STZ-vehicle controls. Unexpectedly, the ability of 10 µg/day leptin to normalize blood glucose waned after 12 days of treatment, and hyperglycemia returned (24.7 ± 6.4 mmol/L on day 29). Blood glucose increased similarly in 5 µg/day--treated mice, but to a lesser extent (14.1 ± 2.5 mmol/L on day 29). Regardless, area under the curve (AUC) analysis of blood glucose tracking from days 5--12 revealed that blood glucose levels were dose-proportionally lowered by leptin, and it was clear that 1 μg/day leptin was a suitable dose to test the effect of leptin on islet transplantation because it did not significantly lower blood glucose levels compared with STZ-vehicle controls.

![Leptin reverses STZ-induced diabetes in a dose-dependent manner. Mice were treated with STZ and 6 days later received implantation of osmotic pumps (day 0, vertical broken line) delivering doses of either leptin ranging from 1 to 10 µg/day (STZ and 1, 3, 5, or 10 µg/day) or vehicle only (STZ-vehicle). Nondiabetic mice served as controls. Fasting blood glucose (*A*) and change in body weight (*B*) relative to day −1. AUC analysis of blood glucose levels from day 5 to day 12 is presented (*A*). AUC analysis of body weight change from day 5 to day 12 revealed no significant differences and is not shown. *C*: The 4-h fasted plasma insulin levels on day 25. Limit of detection is shown by broken horizontal line. *D*: The 4-h fasted plasma leptin levels on days 12 and 25. Four of five STZ-vehicle mice had leptin levels below the detection limit (indicated by broken line) on both days, and this group was not included in statistical analyses. Statistical analyses were performed by two-way ANOVA with Tukey post hoc test. *E*: The 4-h fasted plasma IGFBP2 levels on day 12. Data are presented as mean ± SEM, *n* = 4--5. \**P* \< 0.05. †*P* \< 0.05 vs. nondiabetic controls. ‡*P* \< 0.05 vs. STZ-vehicle controls.](2738fig1){#F1}

We also examined the effect of leptin on body weight in STZ-induced diabetic mice ([Fig. 1*B*](#F1){ref-type="fig"}). Prior to pump implantation, body weight was significantly reduced from 24.1 ± 0.3 g in nondiabetic controls to an average of 23.0 ± 0.2 g in STZ-injected mice (*P* = 0.04, *t* test). Body weight change was not significantly altered between STZ-injected groups in response to leptin or vehicle administration. However, mice treated with 5 or 10 μg/day leptin initially tended to lose weight, and subsequently gained weight after day 12. This correlates with the diminished long-term blood glucose response to the highest leptin doses.

We and others previously have reported that high-dose leptin lowers blood glucose in type 1 diabetic rodent models without increasing circulating insulin levels, β-cell area, or pancreatic insulin content ([@B4]--[@B6],[@B8],[@B15]--[@B17]). In agreement with this, plasma insulin was significantly reduced by STZ, and leptin did not increase insulin levels compared with STZ-vehicle mice ([Fig. 1*C*](#F1){ref-type="fig"}). This is not surprising given the numerous studies showing that leptin inhibits insulin secretion ([@B7],[@B18]--[@B22]).

We next measured the concentration of plasma leptin 12 and 25 days after implantation ([Fig. 1*D*](#F1){ref-type="fig"}). Leptin levels on day 12 were reduced below the limit of detection in STZ-vehicle mice, consistent with the expected decline in leptin after STZ administration ([@B23]). Plasma leptin levels were restored to nondiabetic levels by 1 µg/day treatment, and increased dose-proportionally with 5 µg/day treatment. Notably, the lowest dose of leptin that achieved normoglycemia at this time point (5 µg/day) produced circulating leptin levels significantly higher than those of nondiabetic mice (*P* = 0.0001), revealing that supraphysiological leptin levels are needed to achieve normoglycemia in STZ-diabetic mice. Treatment with 10 µg/day produced a lower plasma leptin concentration on day 12 than 5 µg/day leptin. Given that both of these doses initially yielded similar glucose-lowering activity, and that at day 12 the efficacy of 10 µg/day leptin began to wane, we postulate that plasma leptin levels were initially higher in the 10 µg/day group but had declined by the time of measurement. Supporting this, plasma leptin declined from day 12 to day 25 in the group treated with 5 µg/day (*P* = 0.0095), corresponding to the loss of efficacy of this dose at day 21. In contrast, the leptin doses of 1 and 3 µg/day, which maintained constant efficacy for the duration of the study, did not show a reduction of plasma leptin over time.

To determine whether plasma leptin concentrations corresponded to biologically active leptin, we measured plasma concentrations of IGFBP2 on day 12 ([Fig. 1*E*](#F1){ref-type="fig"}). IGFBP2 is a recently identified target of leptin, and circulating levels are dose-dependently elevated by leptin ([@B13],[@B24]). STZ administration caused a 1.9-fold increase in IGFBP2 levels compared with nondiabetic mice, supporting previous reports that STZ increases hepatic *Igfbp2* expression in rats ([@B25]). Although 1 µg/day leptin did not further change IGFBP2 levels, 3 and 5 µg/day leptin resulted in dose-dependent increases in plasma IGFPB2. Mice receiving 10 µg/day leptin had a nonsignificant decline in plasma IGFBP2 compared with mice treated with 5 µg/day. Thus, plasma IGFBP2 levels corresponded with plasma leptin concentrations on day 12, confirming that plasma leptin levels correlated with biologically active leptin. We postulate that the return to hyperglycemia in mice treated with supraphysiological doses of leptin was attributable to a decrease in circulating biologically active leptin levels.

Leptin-treated mice have improved glucose tolerance and hypoglycemia during an oral glucose tolerance test. {#s12}
-----------------------------------------------------------------------------------------------------------

We next assessed whether leptin could dose-dependently lower glucose excursions in STZ-diabetic mice by performing oral glucose tolerance tests (OGTTs) on day 19 after pump implantation ([Fig. 2*A*](#F2){ref-type="fig"}). Overall glucose excursions were assessed by AUC ([Fig. 2*B*](#F2){ref-type="fig"}). All 5 STZ-vehicle mice and 4 of 5 mice treated with STZ and 1 µg/day leptin had blood glucose levels above the limit of detection (33.3 mmol/L) at one or more time points after gavage. Values of 33.3 mmol/L were assigned for these time points, and these groups were not included in statistical analyses. In agreement with their increasing fasted blood glucose levels prior to the day of OGTT ([Fig. 1*A*](#F1){ref-type="fig"}), mice treated with 10 µg/day leptin showed a trend toward glucose intolerance compared with nondiabetic controls and mice treated with 3 or 5 µg/day leptin. Treatment with 3 and 5 µg/day leptin nearly normalized glucose tolerance, but trended toward hyperglycemia during the glucose peak and toward hypoglycemia during the recovery phase of the test. In fact, 2 of 5 mice receiving 5 µg/day leptin and 1 of 5 mice receiving 3 µg/day leptin had blood glucose \<2.9 mmol/L at 90 min and had to be excluded from the remainder of the test.

![Leptin improves glucose tolerance in STZ-diabetic mice in a dose-dependent manner. OGTTs were performed in nondiabetic controls and STZ-induced diabetic mice receiving different doses of leptin (STZ and 1, 3, 5, or 10 µg/day) or vehicle only (STZ-vehicle) after a 6-h fast on day 19 after surgery. Mice were gavaged with 2 g/kg glucose at time 0. Time course of blood glucose tracking (*A*) and AUC from 0--90 min (*B*). Four of five mice treated with 1 µg/day and all STZ-vehicle--treated mice had blood glucose above the detection limit (33.3 mmol/L) at one or more time points in which case values of 33.3 mmol/L were assigned. These groups were not included in statistical analyses. Two mice treated with STZ and 5 µg/day (STZ-5 µg/day) and one mouse treated with STZ and 3 µg/day (STZ-3 µg/day) had blood glucose \<2.9 mmol/L at 90 min and were rescued with exogenous glucose. Data from these mice are omitted from the 120-min time point; *n* = 5 for 0--90 min and *n* = 3--5 for 120 min. Data are presented as mean ± SEM. NS, not significant.](2738fig2){#F2}

Collectively, our leptin dose study revealed two key points: 1 µg/day leptin does not reverse hyperglycemia or glucose intolerance, making it an appropriate dose to test whether leptin can improve islet transplant performance; and lack of long-term leptin efficacy and risk of hypoglycemia may be limitations associated with high-dose leptin monotherapy for diabetes, thus strengthening the argument to combine low-dose leptin therapy with a regulated cell-based source of insulin for achievement of well-controlled blood glucose levels.

Low-dose leptin administration enhances islet transplant efficacy. {#s13}
------------------------------------------------------------------

We subsequently examined whether leptin administration could improve the ability of islet transplantation to ameliorate STZ-induced diabetes. Six days after STZ administration (day 0), all mice underwent two surgeries simultaneously: transplantation of syngeneic islets under the left kidney capsule (or sham surgery) and subcutaneous implantation of 6-week osmotic pumps infusing 1 µg/day leptin (or vehicle). Previous reports ([@B10]), as well as data from our group, indicate that transplantation of \<200 islets under the kidney capsule is typically insufficient to reverse hyperglycemia in STZ-diabetic mice. Therefore, we transplanted diabetic mice with suboptimal doses of either 50 or 125 islets, along with infusion of either leptin (50 or 125 islets-leptin) or vehicle (50 or 125 islets-vehicle). These groups were compared with diabetic mice administered an optimal islet transplant dose of 300 islets (300 islets-vehicle), mice receiving leptin only (sham-leptin), untreated diabetic mice (sham-vehicle), and healthy nondiabetic controls that received sham surgery and vehicle infusion.

We first examined the effect of leptin and islet cotherapy on 4-h fasted blood glucose levels ([Fig. 3*A*](#F3){ref-type="fig"}). Untreated diabetic mice maintained blood glucose levels \>21 mmol/L for the study duration. For statistical analyses, AUC was calculated using fasting blood glucose data from days 5--43 after surgery ([Fig. 3*B*](#F3){ref-type="fig"}). Transplantation of 300 islets rapidly restored normoglycemia, revealing that the donor islets were functional and viable. As expected, neither 50 islets nor 125 islets alone significantly lowered blood glucose compared with sham-vehicle mice, nor did leptin treatment alone. However, the combination of leptin with either 50 or 125 islets led to a robust and significant lowering of blood glucose levels compared with sham-vehicle mice (*P* = 0.026 and 0.0019, respectively). In fact, mice treated with 125 islets in the presence of leptin had mean fasting blood glucose levels nearly as low as mice receiving 300 islets (11.5 ± 0.4 mmol/L vs. 7.6 ± 1.2 mmol/L).

![Leptin administration enhances the efficacy of islet transplantation for treatment of STZ-induced diabetes. Mice were treated with STZ on day −6 and subsequently received transplants of 50, 125, or 300 islets or sham surgery (day 0) and simultaneous osmotic pump implants delivering 1 µg/day leptin or vehicle for 6 weeks. *A*: The 4-h fasted blood glucose levels. *B*: Blood glucose data from days 5 to 43 analyzed by AUC. *C*: The 4-h fasted HbA~1c~ levels in whole blood are presented as percents and mmol/mol equivalents are in parentheses. The 4-h fasted body weight gain normalized to day −1 (*D*) and net AUC from days 5 to 43 (*E*). *F*: The 4-h fasted plasma leptin measured from cardiac puncture samples collected 6 weeks after surgery. Data are presented as mean ± SEM (*n* = 3--5). \**P* \< 0.05. †*P* \< 0.05 vs. nondiabetic controls. ‡*P* \< 0.05 vs. sham-vehicle controls. NS, not significant.](2738fig3){#F3}

HbA~1c~ levels in mice 6 weeks after surgery ([Fig. 3*C*](#F3){ref-type="fig"}) revealed similar effects on long-term glycemic control. As expected, there was a dramatic increase in HbA~1c~ in sham-vehicle mice compared with nondiabetic controls (*P* \< 0.0001), and transplantation of 300 islets normalized HbA~1c~ levels to nondiabetic levels. Mice treated with leptin alone and with 50 or 125 islets alone showed nonsignificant trends toward reduced HbA~1c~ levels compared with sham-vehicle mice. In contrast, combination of leptin with either 50 or 125 islets led to a substantial reduction in HbA~1c~ compared with sham-vehicle mice (*P* = 0.006 and 0.002, respectively).

We also tracked the effect of islet transplantation with leptin cotherapy on body weight ([Fig. 3*D*](#F3){ref-type="fig"}). Prior to implantation, body weight was significantly reduced to 24.3 ± 0.4 g in STZ-injected mice compared with 26.4 ± 0.4 g in nondiabetic controls (*P* = 0.025, *t* test). Cumulative weight gain over the 6 weeks after surgery was determined by net AUC analysis ([Fig. 3*E*](#F3){ref-type="fig"}). With the exception of the 300 islets-vehicle group, cumulative weight gain was lower in STZ-injected groups compared with nondiabetic controls. Neither suboptimal islet transplant nor leptin nor combination therapy significantly altered cumulative weight gain compared with sham-vehicle controls, although we noted that all transplant recipient groups exhibited a positive cumulative weight gain, whereas mice treated with sham-vehicle and sham-leptin had no cumulative weight gain.

Plasma leptin levels were measured at 6 weeks after surgery ([Fig. 3*F*](#F3){ref-type="fig"}). Leptin levels were significantly reduced in sham-vehicle mice compared with nondiabetic controls, and administration of 1 µg/day leptin restored plasma leptin concentrations to nondiabetic levels. Mice that underwent islets transplantation had a trend toward increased leptin concentrations, compared with sham-vehicle mice, that was proportional to the amount of islets transplanted. Transplantation of 300 islets yielded leptin levels similar to those of nondiabetic controls (1.6 ± 0.3 ng/mL), consistent with stimulation of endogenous leptin production by graft-derived insulin. Mice treated with islet and leptin cotherapy had similar plasma leptin concentrations as sham-leptin and nondiabetic mice. Therefore, although unable to reverse hyperglycemia alone, a replacement dose of leptin can robustly improve islet graft performance.

Leptin enhances islet transplant efficacy without increasing circulating insulin or endogenous β-cell recovery. {#s14}
---------------------------------------------------------------------------------------------------------------

We next determined whether the improvement of islet transplant efficacy in the presence of leptin cotherapy was attributable to an increase in circulating insulin levels ([Fig. 4*A*](#F4){ref-type="fig"}). Leptin alone had no effect on plasma insulin levels, whereas transplantation of islets alone significantly increased plasma insulin levels above those of sham-vehicle controls. Interestingly, despite the observed glucose-lowering effect of leptin cotherapy, leptin did not further increase plasma insulin concentrations compared with mice receiving islet transplants without leptin. If anything, there was a nonsignificant decrease in recipients of 125 islets cotreated with leptin compared with recipients of 125 islets alone. Measurement of pancreatic β-cell area revealed an expected ∼85% decrease in β-cell area in sham-vehicle mice compared with nondiabetic controls ([Fig. 4*B* and *C*](#F4){ref-type="fig"}). Transplantation of 125 islets alone or with leptin did not increase β-cell area compared with sham-vehicle controls, supporting that the increase in plasma insulin after islet transplantation was from graft-derived insulin. Representative pancreatic sections from nondiabetic and STZ-injected mice demonstrate the extreme loss of β-cells ([Fig. 4*C*](#F4){ref-type="fig"}). In contrast, pancreatic α-cell area did not differ between nondiabetic controls and sham-vehicle mice ([Fig. 4*B* and *C*](#F4){ref-type="fig"}). Increased α-cell area as a proportion of islet area has been interpreted as α-cell expansion after STZ administration ([@B26]). However, when α-cell area is normalized to total pancreatic area, there is clearly no expansion of α-cells in STZ-injected mice compared with nondiabetic mice. Islet transplantation with or without leptin had no effect on α-cell area.

![Leptin cotherapy does not alter circulating insulin levels or β-cell recovery. *A*: The 4-h fasted plasma insulin levels were measured 6 weeks after transplant in all groups by ultrasensitive insulin ELISA. Limit of detection (0.019 ng/mL) is shown as horizontal broken line (*n* = 3--5). *B*: Immunofluorescent quantifications of β-cell and α-cell areas were performed in nondiabetic controls and STZ-induced diabetic mice treated with 125 islets (125 islets-vehicle), with 125 islets and leptin (125 islets-leptin), or left untreated (sham-vehicle) (*n* = 3--4). Data are presented as mean ± SEM. †*P* \< 0.05 vs. nondiabetic controls. ‡*P* \< 0.05 vs. sham-vehicle controls. *C*: Representative images of pancreata from nondiabetic and sham-vehicle groups costained for insulin (red), glucagon (green), and DAPI (white) (*n* = 3--4). Scale bars represent 1,000 µm (*left top*, *left bottom*) and 100 µm (*right top*,*right bottom*). NS, not significant.](2738fig4){#F4}

Leptin and islet cotherapy improve glucose tolerance in STZ-diabetic mice. {#s15}
--------------------------------------------------------------------------

To assess whether leptin and islet cotherapy also improved glucose excursions, we performed OGTTs on day 20 after surgery ([Fig. 5*A*](#F5){ref-type="fig"}). As expected, sham-vehicle mice had severely impaired glucose tolerance compared with nondiabetic controls, and transplantation of 300 islets nearly normalized glucose excursion. At the glycemic peak, some mice had blood glucose concentrations \>33.3 mmol/L limit of detection; thus, we collected blood from all mice at 10 and 20 min after gavage and measured plasma glucose by the glucose oxidase method ([Fig. 5*B*](#F5){ref-type="fig"}). Plasma glucose concentrations in mice treated with suboptimal islet doses or leptin alone were similar to sham-vehicle controls at 10 and 20 min. In contrast, the combination of leptin and 125 islets significantly lowered plasma glucose at 10 min, whereas there was a nonsignificant trend toward lower plasma glucose in mice treated with leptin and 50 islets. During this test, we also measured glucose-stimulated plasma insulin levels ([Fig. 5*C*](#F5){ref-type="fig"}). Only nondiabetic controls and mice transplanted with 300 islets had detectable glucose-stimulated insulin levels, further supporting that leptin and islet cotherapy achieves metabolic control similar to that of recipients of an optimal islet transplant, without restoring plasma insulin levels.

![Leptin and islet cotherapy improves glucose tolerance. *A*: OGTT on day 20 after a 6-h fast in mice transplanted with islets with or without leptin and untreated diabetic (sham-vehicle) mice, leptin-treated diabetic (sham-leptin) mice, and nondiabetic controls. *B*: Because some mice had blood glucose levels over the limit of detection after gavage, blood was collected at 10 and 20 min for plasma glucose measurement. *C*: Plasma insulin levels after gavage. The limit of detection (0.188 ng/mL) is indicated by a broken horizontal line. Only nondiabetic and 300 islets-vehicle groups had detectable plasma insulin levels at any given time. The remainder of mice were assigned values of 0.188 ng/mL. Data are presented as mean ± SEM (*n* = 3--5). \**P* \< 0.05. †*P* \< 0.05 vs. nondiabetic controls. ‡*P* \< 0.05 vs. sham-vehicle controls. NS, not significant.](2738fig5){#F5}

Low-dose leptin administration reverses dyslipidemia in STZ-diabetic mice. {#s16}
--------------------------------------------------------------------------

Because leptin clearly enhanced the ability of islet transplantation to improve glycemic control, we subsequently examined whether leptin and islet cotherapy also improved lipid homeostasis. We measured plasma triglycerides ([Fig. 6*A*](#F6){ref-type="fig"}), FFA ([Fig. 6*B*](#F6){ref-type="fig"}), and β-hydroxybutyrate levels ([Fig. 6*C*](#F6){ref-type="fig"}) on day 12 after surgery. As expected, STZ administration caused elevations in plasma triglycerides, FFA, and β-hydroxybutyrate levels from nondiabetic values. Transplantation of 300 islets normalized all three metabolites in diabetic mice, whereas transplantation of 50 or 125 islets without leptin led to intermediate values between those of nondiabetic and sham-vehicle controls. Interestingly, despite having a minimal impact on glucose metabolism, 1 µg/day leptin alone completely normalized all three of these metabolites. This is consistent with the profound lipogenic actions of leptin, which occur in part through stimulating lipid oxidation in multiple tissues and through inhibiting hepatic triglyceride synthesis and secretion ([@B6],[@B27]--[@B31]). Consequently, combination of leptin with 50 or 125 islets led to plasma triglyceride, FFA, and β-hydroxybutyrate concentrations similar to those of healthy nondiabetic controls.

![Low-dose leptin administration normalizes lipid levels in STZ-diabetic mice. The 4-h fasted plasma triglycerides (*A*), FFA (*B*), and β-hydroxybutyrate (*C*) were measured in mice transplanted with islets with or without leptin and in untreated diabetic (sham-vehicle) mice, leptin-treated diabetic (sham-leptin) mice, and nondiabetic controls on day 12 after surgery. Data are presented as mean ± SEM (*n* = 3--5). \**P* \< 0.05. †*P* \< 0.05 vs. nondiabetic controls. ‡*P* \< 0.05 vs. STZ-vehicle controls.](2738fig6){#F6}

DISCUSSION {#s17}
==========

We and others have found that high-dose leptin administration reverses hyperglycemia in rodent models of type 1 diabetes ([@B4]--[@B8]). However, the dose-response profile of glucose-lowering by leptin in type 1 diabetic models is not well defined. The current study reveals that leptin lowers blood glucose in STZ-diabetic mice in a dose-dependent manner, and that a supraphysiological level of leptin was necessary to achieve normoglycemia. This supports a previous report that a physiological leptin dose in STZ-diabetic rats only modestly reduced blood glucose levels ([@B25]).

There is some rationale to support the use of leptin as a monotherapy. First, type 1 diabetes, at least in rodents, results in relative leptin deficiency ([@B23]), a state in which leptin therapy is most effective. Second, leptin has beneficial effects on lipid metabolism that oppose the potentially deleterious lipogenic action of insulin ([@B6]). Furthermore, unlike insulin, there is no weight gain associated with leptin-induced normalization of glucose levels in type 1 diabetic rodents ([@B5],[@B6],[@B8]). However, our study revealed key aspects of high-dose leptin therapy that may make it inappropriate for use as a monotherapy. With the doses of leptin sufficient to achieve rapid normoglycemia (5 and 10 µg/day), the efficacy of leptin was transient. We postulate that the transient nature of high-dose leptin could be attributable to a loss of leptin bioactivity within long-term implanted pumps, or to a physiological response in mice to counteract high-dose leptin treatment. Additionally, the lowest leptin doses that achieved fasting normoglycemia produced severe hypoglycemia during an OGTT in ∼30% of the mice. Previously, we observed that injection of an insulin dose that only modestly lowered glucose levels in diabetic mice resulted in severe hypoglycemia when combined with high-dose leptin therapy ([@B8]). Consequently, the addition of leptin to unregulated high insulin doses may confer increased hypoglycemic risk; thus, we propose that combination of leptin with either low-dose insulin or a regulated source of insulin such as islets could be a safer and more effective method to lower blood glucose. In the current study, administration of low-dose leptin, although insufficient to ameliorate diabetes alone, robustly augmented the ability of a suboptimal dose of syngeneic islets to improve fasting glycemia and glucose tolerance in STZ-diabetic mice. When combined with leptin, 125 islets functioned almost as well as a transplant of 300 islets in regard to achieving glycemic control, whereas 125 islets alone failed to ameliorate diabetes. Furthermore, although suboptimal islet transplantation alone did not reverse dyslipidemia, low-dose leptin alone normalized lipid metabolism and ketone levels in diabetic mice.

A potential mechanism by which leptin could improve the ability of islet transplantation to lower blood glucose is through increased insulin secretion from transplanted or endogenous β-cells. However, leptin and islet cotherapy did not affect pancreatic β-cell area in our study. Moreover, although leptin can protect islets against lipotoxicity and β-cell apoptosis ([@B32],[@B33]), we found that leptin cotherapy did not increase circulating insulin levels in islet transplant recipients. Rather, in mice receiving a transplant of 125 islets, administration of leptin produced a nonsignificant decrease in circulating insulin. This supports multiple studies showing that leptin has an inhibitory action on insulin secretion ([@B7],[@B18]--[@B22]). The finding that low-dose leptin alone had no glucose-lowering ability indicates that the mechanism of leptin cotherapy is dependent on the islet graft providing a source of insulin. Alternatively, leptin therapy has been shown to enhance insulin sensitivity in diabetic rodents ([@B4],[@B8],[@B25],[@B34]). In our study, low-dose leptin alone was effective in reversing the dyslipidemia of uncontrolled diabetes, which could contribute to enhanced insulin sensitivity in peripheral tissues. Collectively, by providing a more lipopenic insulin-sensitive environment for islet grafts in a transplant recipient, leptin administration may allow graft-derived insulin to have more profound metabolic effects.

Our data reveal that as few as half the number of islets normally required to restore euglycemia in mice can achieve glycemic control when combined with low-dose leptin administration. This suggests that the number of diabetic patients treated with cadaveric islet transplantation could be virtually doubled by simply adding leptin to their therapeutic regimen. Furthermore, the profound lipopenic action of low-dose leptin may provide a particular advantage by protecting against cardiovascular complications associated with dyslipidemia ([@B35],[@B36]). However, in our opinion, the potentially deleterious effects of leptin administration on the underlying autoimmune aspect of type 1 diabetes should be assessed with caution. High-dose leptin administration in NOD mice has been shown to accelerate autoimmune β-cell destruction ([@B37]), whereas mutations in the leptin receptor are protective in NOD mice ([@B38],[@B39]). However, Kruger et al. ([@B7]) found that pretreatment of biobreeding rats with leptin prevented immune destruction of both endogenous and transplanted β-cells. Likewise, leptin treatment confers clinical benefit to patients with autoimmune lipodystrophy and type 1 diabetes despite the underlying autoimmune disorder ([@B40]). Thus, although the impact of leptin on autoimmune destruction of β-cells should be carefully assessed, the potential therapeutic benefit of leptin coadministration with islet transplantation for type 1 diabetes warrants consideration.
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